AND CONCLUSIONS 1. A dichoptic viewing arrangement was used to study the initial vergence eye movements elicited by brief horizontal disparity steps applied to large textured patterns in three rhesus monkeys. Disconjugate steps (range, 0.2-10.9") were applied to the patterns at selected times (range, 13 -303 ms) after 10' leftward saccades into the center of the pattern. The horizontal and vertical positions of both eyes were recorded with the electromagnetic search coil technique.
1. A dichoptic viewing arrangement was used to study the initial vergence eye movements elicited by brief horizontal disparity steps applied to large textured patterns in three rhesus monkeys. Disconjugate steps (range, 0.2-10.9") were applied to the patterns at selected times (range, 13 -303 ms) after 10' leftward saccades into the center of the pattern. The horizontal and vertical positions of both eyes were recorded with the electromagnetic search coil technique.
2. Without training or reinforcement, disparity steps of suitable amplitude consistently elicited vergence responses at short latenties. For example, with 1.8' crossed-disparity steps applied 26 ms after the centering saccade, the mean latency of onset of convergence for each of the three monkeys was 52.2 rt 3.8 (SD) ms, 52.3 t 5.2 ms, and 53.4 t 4.1 ms.
3. Experiments in which the disparity step was confined to only one eye indicated that each eye was not simply tracking the apparent motion that it saw. For example, when crossed-disparity steps were confined to the right eye (which saw leftward steps), the result was (binocular) convergence in which the left eye moved to the right even though that eye had seen only a stationary scene. This movement of the left eye cannot have resulted from independent monocular tracking and indicates that the vergence here derived from the binocular misalignment of the two retinal images.
4. The initial vergence responses to crossed-disparity steps had the following main features. 1) They were always in the correct (i.e., convergent) direction over the full range of stimuli tested, the initial vergence acceleration increasing progressively with increases in disparity until reaching a peak with steps of 1.4-2.4. and declining thereafter to a nonzero asymptote as steps exceeded 5-7". 2) They showed transient postsaccadic enhancement whereby steps applied in the immediate wake of a saccadic eye movement resulted in much higher initial vergence accelerations than the same steps applied some time later. The response decline in the wake of a saccade was roughly exponential with time constants of 67 t 5 (SD) ms, 35 t 2 ms, and 54 t 4 ms for the three animals. 3) That the postsaccadic enhancement might have resulted in part from the visual stimulation associated with the prior saccade was suggested by the finding that enhancement could also be observed when the disparity steps were applied in the wake of (conjugate) saccadelike shifts of the textured pattern. However, this visual enhancement did not reach a peak until 17-37 ms after the end of the "simulated' ' saccade, and the peak enhancement averaged only 45% of that after a "real" saccade. 4) Qualitatively similar transient enhancements in the wake of real and simulated saccades have also been reported for the initial ocular following responses elicited by conjugate drifts of the visual scene. We replicated the enhancement effects on ocular following to allow a direct comparison with the enhancement effects on disparity vergence using the same animals and visual stimulus patterns and, despite some clear quantitative differences, we suggest that the enhancement effects share a similar etiology.
5. Initial vergence responses to uncrossed-disparity steps had
INTRODUCTION
Vergence eye movements are used to align both eyes on the same object and so must vary with the viewing distance, nearer viewing requiring greater convergence. An important visual cue in this process is the difference in the locations of the images on the two retinas due to the slight difference in the viewpoints of the two eyes: binocular disparity. In a classic study on humans, Rashbass and Westheimer ( 1961) used a dichoptic viewing arrangement to present identical targets independently to the two eyes and showed that binocular disparity was a sufficient stimulus to generate vergence eye movements. This technique has since been used extensively on both humans and monkeys to study disparity vergence as a negative feedback system that helps to achieve and maintain appropriate binocular alignment (for recent reviews see Collewijn and Erkelens 1990; Judge 199 1) .
There is evidence that disparity vergence is cortically mediated in humans: a subject in whom the corpus callosum and anterior hippocampal commissures had been surgically sectioned could not initiate vergence eye movements to centered targets whose two retinal images were located in hemi-fields that project to opposite cerebral hemispheres, but could if the targets were sufficiently eccentric so that the two retinal images were in hemifields that project to the same hemisphere (Westheimer and Mitchell 1969) . Such evidence is not yet available for nonhuman primates, although it has often been suggested that disparity vergence operates by sensing vergence errors through disparity-selective neurons in the cerebral cortex. Such neurons have been recorded in various cortical visual areas (for recent reviews see Bishop and Pettigrew 1986; Freeman and Ohzawa 1990; Poggio 1989 Poggio , 1990 ). In the usual feedback scheme, crossed-disparity errors are sensed by "near" and ' 'tuned-near" neurons and lead to increased convergence, whereas uncrossed-disparity errors are sensed by ' 'far" and "tuned-far" neurons and lead to decreased convergence (Poggio and Fischer 1977; Poggio et al. 1988) . Neurons of the "tuned" type all have peak sensitivities to disparity within 1" of the plane of fixation, and although the near and far types (termed "reciprocal' ' by Poggio et al.) may respond over a larger range, the available data for this cell type do not extend much beyond 1".
In the present study we have been concerned with the initiation of vergence by disparity steps applied to large densely featured binocular images. Most previous studies used small targets and reported latencies ranging from 150 to 200 ms in humans (Jones 1980; Mitchell 1970; Rashbass and Westheimer 1961; Westheimer and Mitchell 1956) and from 135 to 177 ms in monkeys (Cumming and Judge 1986) . We here report that, when large textured patterns are used, vergence eye movements are consistently elicited at latencies of <60 ms and have the machinelike quality expected of a reflex despite their apparent cortical mediation. However, we also report that these initial vergence responses were in the appropriate direction only when steps were small (~2-3") : large, uncrossed steps yielded anomalous convergence. We argue that the latter is an artifact of our use of large patterns but that the responses to small disparity steps reflect the operation of a servomechanism that normally tinctions to correct residual vergence errors. In addition, we report that small disparity steps applied in the immediate wake of a saccadic eye movement yielded appropriately directed vergence eye movements with much higher initial accelerations than did the same steps applied some time later. This transient postsaccadic enhancement seems to be dependent, at least in part, on the visual stimulation associated with the prior saccade because similar, although sometimes weaker, enhancement was observed when the disparity steps were applied in the wake of saccadelike shifts of the textured pattern.
Some preliminary findings have been published elsewhere (Busettini et al. 1994a) . However, in that study the disparity steps were applied to one eye only (the pattern seen by the other eye being stationary) and yielded initial vergence responses with slightly lower accelerations and longer latenties than in the present study in which the disparity steps were applied symmetrically to the two eyes.
METHODS
Data were collected from three rhesus monkeys (Macaca muZutta), weighing 6-10 kg. All procedures and experimental protocols were approved by the Institutional Animal Care and Use Committee and complied with Public Health Service Policy on the humane care and use of laboratory animals.
Surgical procedures
Animals were familiarized with the investigator and trained to get into a primate chair before undergoing surgery to implant devices that would permit the recording of eye movements while the head was secured in position. After an intramuscular injection of ketamine and Valium, each monkey was intubated and maintained on isofluorothane for the duration of the surgery. Heart rate, respiratory rate, and body temperature were monitored. Under aseptic conditions, a stainless steel pedestal was secured to the skull with screws and dental acrylic to enable the head to be fixed in the standard stereotaxic position. Scleral search coils were implanted around both eyes using the technique of Judge et al. (1980) to permit eye movements to be monitored by an electromagnetic induction technique (Fuchs and Robinson 1966) . During the postsurgical period, animals were given analgesics as needed to alleviate any discomfort, and experiments were started no sooner than 1 wk after the surgery.
Recording and stimulation procedures
The presentation of stimuli, and the acquisition, display, and storage of data were controlled by a PC (Hewlett Packard Vectra, 486) using a Real time Experimentation software package (REX) developed by Hays et al. (1982) . The AC voltages induced in the scleral search coils were processed by phase detector circuits that produced separate DC voltage outputs proportional to the horizontal and vertical positions of each eye with corner frequencies (-3 dB) at 1 kHz (CNC Engineering). The output voltages of the coils were each separately calibrated by having the animal fixate (monocularly) small target lights located at known eccentricities along the horizontal and vertical meridia. Peak-to-peak voltage noise levels were equivalent to an eye movement of -1 min of arc. Interocular distance was measured to within 1 mm.
During recording sessions, animals were seated in an acrylic chair with their heads secured in the stereotaxic position and faced a tangent screen (distance, 33.3 cm; subtense, 85 X 85') onto which two identical, overlapping densely textured images subtending 40 X 40' were back-projected. The patterns consisted of irregular, black and white geometric forms. Orthogonal polarizing filters in the two projection paths and matching filters in front of each eye ensured that each pattern was visible to only one eye: dichoptic stimulation. The screen was constructed of material specially designed to retain the polarization (Yamaboshi, Tokyo). The luminance of the images on the screen was measured with an optometer (Spectra Pritchard), sampling the screen through the polarizing filters so as to record the images as seen by the monkeys. With this arrangement, the luminance measured through the matching polarizing filters ranged from 0.4 to 1.1 cd/m2 in the light areas of the patterns and from 0.03 to 0.04 cd/m2 in the dark areas. The equivalent ranges measured through the nonmatching (orthogonal) polarizing filters were 0.007-0.008 cd/m2 in the light areas and 0.003-0.004 cd/m2 in the dark areas. Human observers did not perceive the images seen through the nonmatching filters. Mirror galvanometers (General Scanning, CX-660 drivers with MG350DT motors) positioned in each of the two light paths were used to control the horizontal positions (and thereby the horizontal binocular disparity) of the two images. These galvanometers were driven by the DAC outputs of the PC at a rate of 1 kHz with a resolution of 12 bits. Voltage signals separately encoding the horizontal and vertical positions of both eyes together with the positions of the two mirror galvanometers, were low-pass filtered (Bessel, 180 Hz) and digitized to a resolution of 16 bits, sampling at 1 kHz. All data were stored on a hard disk and, after 50 Time (ms) FIG. 1. Sample disparity-vergence responses to multiple presentations of a 1.8" crossed-disparity step applied 26 ms after 10" leftward centering saccades (monkey St). V superimposed vergence velocity profiles (n = 178)) obtained by differentiating splined vergence position traces and then subtracting the mean vergence velocity trace obtained in saccade-only control trials (to eliminate any effects due to postsaccadic drift). V vergence velocity profile + 1 SD. SL and SR, horizontal positions of the images seen by the 2 eyes (transducer outputs from the horizontal mirror galvanometers in the projector pathways serving the left and right eyes, respectively). Calibration bar, applies to ocular vergence traces only. Upward deflections represent convergent velocities in the top 2 truces (V, V) and rightward -movement in the bottom 2 traces ( SL and S,). completion of each recording session, transferred to a workstation (Silicon Graphics) for subsequent analysis.
Behavioral paradigms
Using fluid reinforcement, animals were trained to fixate stationary red target spots, which were projected onto the patterns on the screen. STANDARD PARADIGM. At the beginning of each trial, the two patterns on the screen were positioned in register and overlapped exactly (zero disparity) for a minimum period of 2 s to allow adequate time for the monkey to acquire a convergent state appropriate for the near viewing (33.3 cm). Horizontal disparity steps were initiated in the wake of a saccade into the center of the screen because preliminary experiments had shown that the vergence responses were subject to transient postsaccadic enhancement (Busettini et al. 1994a ). This was accomplished by having the monkey transfer fixation between suitably positioned target spots projected onto the scene through polarizing filters so as to be seen by the right eye only. The sources for these projectors were light-emitting diodes (5,000 mcd), which could be illuminated (or extinguished) silently and instantly by direct computer control of the driving voltage. The initial target spot appeared 10' right of center 1 s after the beginning of the trial. When the monkey's right eye had been positioned within l-2' of the spot for a period of time that was randomly varied ( 1-1.5 s), the spot was extinguished and a new one appeared at the center of the screen. This new target was extinguished as soon as the computer detected a saccadic eye movement, using as a criterion an eye speed in excess of 84"/ s; this was done to reduce the likelihood of saccadic intrusions (especially when long postsaccadic delays were used: see later). If this saccade achieved a speed in excess of 42O"/s and arrived within lo of the position of the new target (which was now no longer visible), then it was deemed appropriate, and the disparity step was initiated with a postsaccadic delay of 26 ms (measured from the time when eye speed fell below MO/s). The disparity steps were horizontal, had a rise time of <6 ms, and were applied symmetrically to the patterns seen by each of the two eyes (equal amplitudes, opposite directions). Because we were interested only in the initial vergence responses, the disparity steps lasted only 200 ms, and, if there were no saccades during this time, then the data were stored on a hard disk, and the animal was given a drop of water; otherwise, the trial was aborted and fluid was withheld. At this point, both images were blanked for 500 ms (by deflecting the mirror galvanometers) and then reappeared once more in register for the start of the next trial. Note that all experiments included control trials in which no steps were applied (saccade-only trials). By applying the disparity steps in the immediate wake of centering saccades, we ensured that 1) the animal was alert during the steps, 2) the stimulus pattern was always centered on the retina at the onset of the steps, and 3) the vergence responses were subject to enhancement.
It is important to emphasize that fluid reinforcement was provided solely as an incentive to generate appropriate centering saccades and was not contingent on the animal's vergence responses to the disparity steps. Monkeys were allowed to work to satiation each day, and recording sessions generally lasted several hours. At the end of each session, monkeys were returned to their home cage.
Preliminary experiments had revealed that, like ocular following ) disparity vergence was subject to transient postsaccadic enhancement (Busettini et al. 1994a ), so we conducted a series of experiments in which the postsaccadic delay was varied systematically to characterize the time course of the enhancement. Stimuli were crossed-and uncrossed-disparity steps of 1.8' and the postsaccadic delay intervals (randomly interleaved) were 13, 23, 33, 43, 53, 63, 83, 123, 203 , and 303 ms. The possibility that the enhancement in the wake of a saccade was due to the visual reafference produced by the saccade sweeping the image of the pattern across the retina was investigated by looking for enhancement in the wake of a saccadelike shift of the pattern on the screen. Pilot studies indicated that the postsaccadic enhancement of disparity vergence had decayed to negligible levels within 200-300 ms so the saccadelike shift was applied 259 ms after the initial centering saccade. These shifts were lo", rightward, lasted 27 ms, and had peak speeds of =52O"/s. The disparity steps (crossed and uncrossed, 1.8") were then applied in the wake of these simulated saccades with delay intervals (randomly interleaved) of 7, 17, 27, 37, 47, 57, 77, 117, 197, and 297 To allow a direct comparison of the effects of a prior saccade or simulated saccade on disparity vergence with those on ocular following, additional experiments were undertaken that were essentially identical to those just described except that the disconjugate (position) steps were replaced with conjugate (velocity) steps, in which the patterns seen by both eyes moved together at 8O"/s for 100 ms (ocular following stimulus).
Data collection and analysis
In a given experiment, there were generally in excess of 50 different stimulus conditions that were varied from trial to trial in a pseudorandom sequence. It was usual to collect data until each condition had been repeated > 140 times, permitting good resolution of the responses to be achieved through averaging even when (of necessity) stimuli had marginal efficacy (because they were at the limit of the responsive range). The random presentation helped to minimize any effects due to short-term changes in nonvisual factors such as arousal, attention, and so forth.
The horizontal eye position data obtained during the calibration procedure were fitted with a third-order polynomial that was then used to linearize the horizontal eye position data recorded during the experiment proper. The latter were then smoothed with a cubic spline of weight 107, selected by means of a cross-validation procedure (Eubank 1988)) so as to reduce the noise in the raw traces with minimal impact on the mean responses (Schwarz and Miles 1991). Horizontal vergence was estimated by subtracting the horizontal position of the right eye from that of the left eye and because we used the convention that rightward positions are positive, crossed disparities and convergence were positive. Horizontal vergence velocity was obtained by two-point backward differentiation of the vergence position data.
The vergence position and velocity profiles obtained with a given stimulus condition were displayed with an interactive graphics program that allowed the deletion of the occasional trials with saccadic intrusions; invariably, these saccades had escaped detection during the experiment because they were small. Such saccades were most readily detected from eye velocity profiles, which were obtained by two point backward differentiation of the eye position data and were displayed along with the vergence data.
Estimates of the latency of onset of disparity vergence were made from the responses to selected disparity steps (generally those giving close to maximal responses) using an objective algo rithm after Carl and Gellman ( 1987) applied to the individual vergence velocity profiles: first, the mean preresponse baseline level was determined by averaging the vergence velocity over the 17-ms time interval ( = 1 cycle of 60-Hz noise) starting 32 ms after the onset of the disparity step; second, a linear regression was fitted to the response profile starting at the point at which the vergence velocity first exceeded the mean baseline level by 3.5 SDS and ending 14 ms later; third, this regression was extrapolated backward, and the time at which it intercepted the mean baseline level was used as the estimate of latency. To reduce the effect of extraneous noise, latency estimates were accepted only if the SD for the baseline measure was 40.8' and the correlation coefficient for the linear regression was 20.94.
Estimates of the amplitude of the initial disparity-vergence response were obtained by measuring the change in vergence position over a 17-ms time interval starting 55 ms after the onset of the disparity step; this interval was timed to coincide with the very earliest parts of the vergence response and was selected only after the measures of response latency were available. The mean change in vergence was then calculated, together with the SD, for each stimulus condition. Of course, sampling the response at a fixed time with respect to the onset of the stimulus meant that the sample would be sensitive to changes in the latency of onset of the response. The vergence responses under study had multiple components extending over time, and our concern was entirely with the earliest of these, which generally showed little change in latency but could become vanishingly small as the limits of its response range were explored. (At such times, response-locked measures would default to later components of the response.) Those few occasions when our stimulus locked measure is in error because of significant changes in the latency of the earliest component of the response will be noted.
To eliminate any effects due to postsaccadic vergence drift, the mean change in vergence during the control saccade-only trials was subtracted from the mean change in vergence for each stimulus condition and these adjusted measures are the ones given in the text and plotted in the figures (referred to as ' 'change-in-vergence" measures). In fact, postsaccadic vergence drifts were generally very small (a few deg/s at most) by the time the disparity steps were applied. Note that this subtraction would also remove any net anticipatory drifts of the kind described by Kowler and Steinman ( 1979a,b) , although such drifts were not actually observed.
To best illustrate the temporal structure of the responses, mean vergence velocity profiles were calculated for each stimulus condition. To eliminate any effects due to postsaccadic vergence drift, the mean vergence velocity profile recorded during the control saccade-only trials was subtracted from the mean vergence velocity profiles obtained for each stimulus condition. All of the vergence velocity traces in the figures have been so adjusted, and upward deflections of these traces represent convergent velocities.
The analysis of the ocular following data was very similar to that of the vergence data except that it was carried out on the position measures obtained from the right eye. Thus these data were first sorted on the basis of the stimulus conditions then displayed to allow deletion of trials with saccadic intrusions. Quantitative estimates of the amplitude of the initial responses were obtained by measuring the change in eye position over the 17-ms time interval starting 55 ms after the onset of the conjugate velocity step, and two-point backward differentiation was used to obtain eye velocity profiles. The position measures and velocity profiles obtained for each stimulus condition were then averaged, and any effects due to postsaccadic drift eliminated by subtracting the data obtained from saccade-only control trials. These adjusted eye-position measures (referred to as "change-in-eye-position" measures) 
RESULTS
Without training or reinforcement, disparity steps of suitable amplitude consistently elicited vergence responses at very short latencies. Figure 1 shows sample horizontal vergence velocity profiles (V) from one animal in response to 178 crossed-disparity steps of 1.8' applied 26 ms after 10' leftward centering saccades. Data are shown for all trials except the few (4) contaminated with saccades. Also shown in Fig. 1 is the mean vergence velocity profile t 1 SD (9) together with the mirror galvanometer feedback signals indicating the horizontal positions of the images seen by the left Binocular response to a binocular stimulus These short latencies were very similar to those reported for the ocular following elicited by conjugate ramps applied to large textured scenes ). It is known that visual motion detectors can integrate position steps over time to generate an apparent motion signal (Mikami et al. 1986a,b; Newsome et al. 1986 )) raising the possibility that the short-latency vergence responses resulted from independent monocular tracking in which each eye tracked the apparent motion that it saw. We tested this idea by restricting ( SL) and right (S,) eyes. Latencies were very similar for all the step to one eye only, leaving the other eye to view a three animals. For example, for steps such as those used in stationary scene. In this situation, the movements of the eye Fig. 1 , mean latencies determined by objective criteria (see that sees the stationary scene are of particular interest be-METHODS) Were 52.2 _ + 3.8 (SD) ms for monkey Re (n = cause any effects on this eye due to the monocular apparent 101/188), 52.3 -+ 5.2 ms for monkey Ro (n = 87/187), motion cues should be either negligible (in the event that and 53.4 t 4.1 ms for monkey St (n = 78/178). The initial motion stimuli affect only the eye that sees the motion) or rise in vergence velocity in Fig. 1 was followed by a promiin the same direction as the motion (in the event that motion nent dip that began at latencies considerably less than twice stimuli at either eye affect both eyes), whereas any effects the reaction time and so was not due to an effect of the on this eye due to the binocular depth (stereo) cues should vergence response on the retinal image disparity (that is, the be in the direction opposite to the motion stimulus. The results of one such experiment on one animal (monkey St) are shown in Fig. 2 , in which crossed-disparity steps of 1 A0 were applied I ) symmetrically, by shifting the images seen by each of the two eyes equally (continuous line), 2) asymmetrically, by shifting the left image to the right (dashed line), and 3) asymmetrically, by shifting the right image to the left (dotted line). Regardless of whether the disparity step resulted.from a step at one or both eyes, there was excellent convergence, although the latency was a few milliseconds longer and the initial vergence acceleration somewhat smaller when only one eye saw the step. More importantly for our present discussion, the eye that saw the stationary scene always moved in a direction appropriate for a stereo-driven response: when the right eye saw the (leftward) step, the left eye moved to the right, and when the left eye saw the (rightward) step then the right eye moved to the left. Virtually identical data were obtained from the other two monkeys (Re, Ro).
In the asymmetric cases in Fig. 2 , it is also apparent that a given eye moved a little more vigorously when it saw the step than when it saw the stationary pattern. This is most probably due at least in part to the small version responses (see bottom traces in Fig. 2 ), which presumably resulted from the small changes in the apparent cyclopean alignment of the stimuli of the in these cases. 2 eyes, equiva (Note lent to that the version shift in is the avera cyclopean ,ge motion gaze, and is computed simply by summing the motion of the 2 eyes and dividing by 2.) Thus, for the eye that saw the step, the version and vergence responses were in the same direction, but for the eye that saw the stationary pattern, the version and vergence responses were in opposite directions.
Dependence on the amplitude of the disparity step CROSSED-DISPARITY STEPS.
The very earliest vergence responses to crossed disparity steps were always in the appropriate (convergent) direction over the full range of steps tested, although it is evident from the superimposed mean vergence velocity profiles in Fig. 3 that the vigor of the responses was strongly dependent on the amplitude of the steps. To avoid confusing overlaps of the response profiles in Fig. 3 , the data for the smaller steps (when responses were incrementing with increases in the stimulus) are shown separately (A-C) from the data for the larger steps (when responses were decrementing with increases in the stimulus; D-F). The initial vergence acceleration and the amplitude of the first peak in the vergence velocity profiles clearly increased progressively with increases in disparity up to 1.4-2.6" and declined thereafter in all three monkeys. However, it is also apparent in Fig. 3 that, as responses decremented with larger stimuli, their temporal profiles were different from those obtained with smaller steps, and so are not due simply to a gradual reduction in the gain of the response.
It is clear from the change-in-vergence measures plotted in Fig. 5 (filled symbols in the top right quadrant) that responses to crossed-disparity steps increased sharply with increases in disparity up to 2-3O and, after reaching a peak, declined to some nonzero asymptote with large steps.
UNCROSSED-DISPARITY STEPS.
Initial responses to uncrosseddisparity steps were frequently in the "wrong" (convergent) direction. In fact, only one of the three animals (St) showed robust initial responses that were in the "correct" (divergent) direction and then only with the smaller stimuli. This is evident from the mean vergence velocity profiles for this animal seen in Fig. 4C : with small uncrossed steps the earliest responses are divergent, but with large steps the responses are convergent. This complex transition is also seen in the plots of change-in-vergence for this animal in Fig. 5 (filled circles) : responses start out in the bottom left quadrant (divergent velocities) with small steps, and then, as the steps exceed =2.5', responses shift to the top left quadrant (convergent velocities), finally leveling off as the steps reach -So. The same trends were evident in the data of the other two animals, although the divergent responses were much smaller (see Fig. 4 , A and B, and Fig. 5 , filled squares and triangles). Thus the initial vergence responses to uncrossed steps >2-3" were in the wrong (convergent) direction, in all three monkeys.
It is clear from Fig. 5 that, for each of the three monkeys, responses to large crossed and uncrossed steps regressed toward similar convergent values, as though this were a default. Figures 3 and 4 indicate that the temporal profiles obtained with large crossed and large uncrossed steps were also quite similar (although not identical). Large vertical steps also gave rise to default convergent responses, although these were somewhat weaker than with the large horizontal steps (see open symbols labeled "Vert. disconj. steps" plot- Post-saccadic Delay (msec)
ted at the right-hand side of Fig. 5 ). One possibility was postsaccadic enhancement. This is readily apparent in Fig. that these default responses were not actively generated by 6, which shows the mean vergence velocity profiles elicited the visual stimuli but rather represented the emergence of a by 1.8' crossed-disparity steps applied at selected times after phoria, as stimuli exceeded the system's ability to sense the centering saccades for all three monkeys. Effects on disparity and the two eyes passively assumed the (mis) alignlatency were generally minor, and using the change-inment characteristic of monocular viewing (Leigh and Zee vergence measures to quantify this decline in the wake of a 1991) . That this was not so was evident from the lack of saccade revealed a roughly exponential time course (see Fig.  any short-latency vergence responses when the scene in front 7). Mean time constants (SD) estimated from best-fitting of one eye was blanked (rather than shifted) in the wake of exponentials for the data from the three animals were 67 t a centering saccade (while the other eye viewed a stationary 5 ms (monkey Re), 35 t 2 ms (Ro), and 54 t 4 ms (St). scene; see open symbols labeled ' 'Monoc. blanking ' ' plotted The maximum amplitude of the postsaccadic enhancement at the right-hand side of Fig. 5 ). Another possibility was that was estimated by calculating a Peak Modulation Index ( % ) the disparity of the steps was irrelevant for the production of using the following expression the default responses and that any large binocular shifts of the scene would suffice, even when conjugate. That this was not so was evident from the lack of any short-latency (1) vergence responses when the scene in front of both eyes underwent the same 2.2' of (conjugate) displacement (see where R,, and R, were the responses when the postsaccadic open symbols labeled "Horiz conjo steps" Plotted at the delay intervals were 13 and 303 ms, respectively. The Peak right-hand side of Fig. 5 ).
Modulation Index for each of the three monkeys was 298% (monkey Re), 753% (Ro), and 216% (St).
UNCROSSED-DISPARITY STEPS.
For these experiments we again used relatively small steps ( 1.8") so that the vergence Dependence on a prior saccadic eye movement All of the above data were obtained with disparity steps responses always started in the correct divergent direction applied 26 ms after the centering saccade. The same steps when the postsaccadic delay interval was short, although in applied at later times could produce very different responses. one case (monkey Re) this response was very transient: see the mean vergence velocity profiles for the shortest delay CROSSED-DISPARITY STEPS. The initial rise in the convergent interval ( 13 ms) for all three animals in Fig. 8 . As the velocity with crossed disparity steps was much faster when the steps were applied in the immediate wake of a saccade postsaccadic delay interval was increased , these initial di .vergent responses declined and, in two of the three monkeys CR e and St), were replaced by transient convergent responses: in than when applied later: disparity vergence showed transient monkey Re, the latter were fully developed with delays of 33 ms and declined back to zero as the delay interval increased further (see Fig. 8A ), whereas in monkey St these transient convergent responses developed gradually as the delay intervals increased to the maximum (see Fig. 8C ). The initial responses of the third monkey (Ro) also showed some suggestion of a shift from divergent to convergent velocities as the postsaccadic delay interval increased, although these effects were extremely weak (see Fig. 8B ).
That the effects of a prior saccade on the vergence responses to uncrossed steps were rather feeble and varied considerably among the three animals is also apparent from the change-in-vergence measures plotted in Fig. 9 . The measures are almost vanishingly small but, nonetheless, the tendency for responses to shift from divergent to convergent as the postsaccadic delay interval increased seems clear for two of the monkeys.
Are the effects of a visual stimulation 7 prior saccade due to the associated The possibility that the effects of a prior saccade might result from the visual reafference caused by the saccade sweeping the image of the scene across the retina was investigated by applying the disparity steps in the wake of saccadelike (conjugate) shifts of the visual patterns (see METHODS).
CROSSED-DISPARITY STEPS.
The "simulated saccades" caused transient enhancements of the initial vergence responses to crossed-disparity steps that were similar to, although not as vigorous as, those seen in the wake of real saccades (Figs.  10 and 11) . The change-in-vergence response measures indicated that the full enhancement effect was not apparent with the shortest delays used (7 ms) and did not reach a peak until the third delay interval (27 ms) ; thereafter, the response declined with a roughly exponential time course. If the response measures obtained with the two shortest delay intervals were ignored, exponentials gave a reasonable fit to the data (Fig. 11) and had mean time constants (SD) that were within 5 ms of those obtained with the enhancement associated with real saccades: 64 t 7 ms (monkey Re), 30 t 3 ms (Ro), and 56 t 6 ms (St). The maximum enhancement following a saccadelike shift of the visual scene was estimated by calculating the Peak Modulation Index (Eq. I) using values of 27 and 297 ms for tl and t2, respectively. (An exception was monkey St, for whom we did not have data for 297 ms and so were obliged to use the data for 197 ms instead.) When so estimated, the peak enhancement for each of the three monkeys was 13 1% (monkey Re), 247% (Ro), and 127% (St). These values are all much lower than those obtained for postsaccadic enhancement: on average, the indexes for simulated saccades were only 45% of those for real saccades.
A quantitative comparison of the time course of the enhancement associated with real and simulated saccades was carried out as follows: each animal's mean change-invergence measures at each delay interval after both real and simulated saccades were first normalized with respect to that same animal's mean change-in-vergence measures when the disparity step was applied at the longest interval after a real saccade (303 ms). These normalized data were then averaged across animals, and the result is plotted on a percentage scale in Fig. 12 . This comparison revealed that the major differences were at the extreme delay intervals, the enhancement in the wake of a simulated saccade being generally less than that after a real saccade at the shorter intervals and greater at the longer ones (Fig. 12) .
The effects of a prior saccadelike disturbance of the pattern on the vergence responses to uncrossed-disparity steps were superficially similar to those of a real saccade for all three monkeys (compare Figs. 8 and 13 ). The disparity steps were again 1.8' and, with the shorter delays in the wake of a simulated saccade, the earliest vergence velocity responses were mostly in the correct (divergent) direction (an exception was monkey Ro with the very shortest delay interval). As the delay interval was increased, the initial divergent accelerations at first increased, peaking with delays of 27 ms, but thereafter declined and then gradually reversed polarity (Fig. 13) . However, the effects of real and simulated saccades showed significant differences in the quantitative details, and these are apparent from the change-in-vergence measures plotted in Fig. 14. For example, for monkey Re the transition from divergent to convergent accelerations was much more gradual with the simulated saccades and did not show the tendency to decline back to zero. For monkeys Re and St the change-in-vergence measures indicate that the correct responses reached slightly highervalues with simulated saccades than with real ones (compare Figs. 14 and 9 ). Within the time window encompassing our change-in-vergence measures, monkey Ro showed al-n Re A Ro . St   FIG. 9 . Dependence of the vergence responses elicited 1 by 1.8' uncrossed-disparity steps on a prior saccade: quantitative assessment. Mean change-in-vergence measures (ordinate) are plotted against postsaccadic delay (ab scissa). Key identifies the data from each of the 3 monkeys. Error bars, &SD.
most no change ( see the triangles in . Fig. 14 ) , which also the situation with real saccades for this animal. Post-saccadic Delay (msec) was
Comparison with ocular following
The effects of prior saccades and simulated saccades on the vergence responses to crossed-disparity steps were reminiscent of the transient postsaccadic enhancement of ocular following described by Kawano and Miles ( 1986) , and we made a direct comparison of the two phenomena. For this, the disconjugate (position) steps used to elicit disparity vergence were replaced with conjugate (velocity) steps to elicit ocular following (see METHODS). ENHANCEMENT AFTER REAL SACCADES. The mean percentage enhancement for ocular following in the wake of a saccade was estimated for all three monkeys at each delay interval, exactly as earlier for (crossed-) disparity vergence: the change-in-eye-position measures (see METHODS) obtained from each animal for each delay interval were first normalized with respect to the data obtained with the longest postsaccadic delay interval (307 ms) ; the normalized data were then averaged across animals and are plotted on a percentage scale in Fig. 15 (open symbols) . To facilitate comparison, the percentage-enhancement measures obtained for (crossed-) disparity vergence (the filled symbols in Fig. 12 ) are repeated in Fig. 15 (filled symbols). These plots in Fig. 15 show clear differences in the time courses of the postsaccadic enhancement of ocular following and (crossed-) disparity vergence, with the latter showing a roughly exponential decay over time and the former showing an initial rise to a peak before decaying, again roughly exponentially. Although the low enhancement of ocular following with the shortest delay interval (see the data point flagged with an asterisk in Fig.  15 ) was in part due to the effect of a shift in latency, such shifts were not a significant factor for any of the other data plotted in Fig. 15 .
If the responses obtained with the three shortest delay intervals were ignored, exponentials gave a reasonable fit to the ocular following data obtained from the individual monkeys, and mean time constants (SD) estimated from best-fitting exponentials were (rightward and leftward, respectively): 77 -+ 12 ms and 54 -+ 5 ms (monkey Re), 78 t 11 ms and 79 t 12 ms (Ro), and 60 t 5 ms and 55 2 5 ms (St) . With the exception of monkey Ro, these time constants were all within 13 ms of the values given earlier for the (crossed-) disparity vergence data.
The maximum postsaccadic enhancement of ocular following was estimated by calculating the Peak Modulation Index using values of 37 and 307 ms for tl and t2, respectively, in Eq. I. When so estimated, the peak enhancement for each of the three monkeys (mean of leftward and rightward ocular following) was 494% (monkey Re), 293% (Ro), and 355% (St). These indexes differ substantially from those estimated earlier for the postsaccadic enhancement of (crossed-) disparity vergence, being higher for monkeys Re and St, but lower for monkey Ro.
ENHANCEMENT AFTER A SACCADELIKE SHIFT OF THE PAT-TERN. The mean percentage enhancement for ocular following in the wake of a simulated saccade at each delay interval was estimated exactly as earlier for (crossed-) disparity vergence: the change-in-eye-position measures obtained from each animal were first normalized with respect to the real-saccade data obtained with the longest postsaccadic delay interval (307 ms) ; the normalized data from the three animals were then averaged and are plotted in Fig. 16 Fig. 12 ) are repeated in Fig. 16 (filled symbols) . On the basis of these measures, the enhancement of ocular following and (crossed-) disparity vergence by a simulated saccade followed similar time courses, both showing an initial rise to a peak before decaying, roughly exponentially. (The ultra-low enhancement value for ocular following with the shortest delay intervals was in part due to changes in latency: see the data point flagged with an asterisk in Fig. 16 .) However, the magnitude of the enhancement was clearly substantially greater for ocular following. If the ocular following data obtained with the two shortest delay intervals were ignored, exponentials gave a reasonable fit to the data, and mean time constants (+SD) estimated from best-fitting exponentials for the ocular following data from the three animals were (rightward and leftward, respectively) 66 t 11 ms and 55 t 4 ms (monkey Re), 33 t 6 ms and 24 2 2 ms (Ro), and 52 t 3 ms and 68 + 5 ms (St) These time constants were all within 12 -. ms of those given earlier for the (crossed-) disparity vergence data.
The maximum enhancement of ocular following resulting from a saccadelike shift of the pattern was estimated by calculating the Peak Modulation Index (Eq. I ) using values of 30 and 300 ms for tl and tZ, respectively. When so estimated, the peak enhancement for each of the three monkeys (mean of leftward and rightward ocular following) was 621% (monkey Re), 417% (monkey Ro), and 602% (monkey St). These values are much greater (on average, by 378%) than the indexes estimated earlier for the enhancement of (crossed-) disparity vergence by a simulated saccade for these same three animals. Actually, these indexes were also greater (on average, by 166%) than those for the enhancement of ocular following in the wake of a real saccade for these same three animals. This is at variance with the findings of Kawano and Miles ( 1986) , who reported that the enhancement due to a real saccade always exceeded that due to a simulated saccade.
DISCUSSION

Ultra-short latencies
The vergence responses induced by small disparity steps were remarkable for their ultra-short latencies and almost machinelike consistency, despite the fact that animals were neither trained to make these responses nor reinforced for doing so. For example, the mean latency with crossed-disparity steps of 1.8" applied 26 ms after a saccade ranged from 52.2 to 53.4 ms for the three monkeys with SDS ranging from 3 to 6 ms. Although these formal latency measurements were based only on the responses to steps that were close to optimal, it is evident from the profiles in Figs. 3, 4, 6 , and 8 that, within the responsive range, latency was not very sensitive to either the parameters of the disparity step or the exact time at which the step was applied. It is significant that the negative latencies characteristic of anticipatory smooth eye movements (Kowler and Steinman 1979a,b) were never seen. We conclude that the short-latency responses in the present study were stimulus driven and resulted from reflexlike linkages in the nervous system.
The only published latency measures for the disparityvergence responses of the monkey are those of Cumming and Judge (1986) , who reported means ranging from 135 to 177 ms ( SDS ranging from 14 to 30 ms) . The stimulus conditions in that study differed from those in the present study in several respects, notably in the smaller size of the stimuli, cross-hairs spanning only 3O.
Vergence responses not due to independent monocular tracking That our short-latency vergence responses were not the result of monocular visual tracking (in which each eye independently tracked the apparent motion that it saw) was clear from experiments in which the step of disparity was applied to one eye only (Fig. 2) . For example, when crossed disparity steps were confined to the right eye (which therefore saw leftward steps), the left eye (which saw a stationary scene) invariably moved to the right. We attribute this ( "inappropriate" ) movement of the left eye to a stereo mechanism that senses the binocular misalignment. Thus, even though the binocular stereo cues here were very asymmetric, they resulted in vergence eye movements that affected the two eyes almost equally, a central tenet of Hering's Law of Equal Innervation (Hering 1868) : see Alpem ( 1962) and Ono ( 1983) for discussion. Other studies using small targets have also reported that both eyes participate in the change in vergence even if only one eye is misaligned (Alpem 1957; Ono and Nakamizo 1978; Ono et al. 1978; Westheimer and Mitchell 1956) . When mentioned, latencies in these studies were stated to be 2 150 ms.
The finding in Fig. 2 , that a given eye always moved a little more vigorously when it saw the step than when it-saw the stationary scene, can be attributed to a small conjugatetracking response (evident in the version traces in Fig. 2 ) consequent to the slight shift in the cyclopean alignment of Post-Simulated-Saccade Delay (msec) the binocular images. Thus, when the disparity step consisted one eye resulted in the seemingly anomalous finding that a entirely of a leftward step seen by the right eye, for example, given eye responded less vigorously when it saw the full there was a weak conjugate-tracking response (version) to step than when it saw only one-half the step (the other half the left, adding to the vergence response of the right eye but of the step being seen by the other eye), regardless of the subtracting from the vergence response of the left eye. The version contribution. clear suggestion is that version errors, like vergence errors, result in short-latency outputs that affect the two eyes A roughly equally, again as expected from Hering's Law.
nomalous convergence with uncrossed-disparity steps Interestingly, the version responses in Fig. 2 associated with asymmetric stimulation were much weaker than the vergence responses, and this difference is too great to be due merely to the fact that the version stimulus had only one-half the magnitude of the vergence stimulus (0.9 vs. 1.8"). Of course, there is no reason to expect that the two components of the response would have a similar sensitivity to step stimuli. If the short-latency version responses were due to ocular following, which seems likely, then their small amplitude might have been due in part to the peripheral suppression described by Kawano and Miles ( 1986) : these workers showed that ocular following induced by conjugate steps was weaker when the stimulus encroached on the peripheral retina (as it did in the present experiments). In fact, Kawano and Miles provided evidence suggesting that this peripheral suppression normally functioned to prevent any tracking of the visual reafference associated with saccades.
It was also apparent in Fig. 2 that the latency was slightly longer and the initial vergence acceleration was slightly reduced when only one eye saw the step, compared with the situation in which the same change in disparity was distributed equally between the two eyes. This apparent reduction in the efficacy of the disparity stimulus when applied to only A surprising finding in all three animals was that the initial vergence responses to large-disparity steps were convergent, regardless of whether the steps were crossed or uncrossed. This meant that uncrossed-disparity steps >2-3" initiated vergence responses in the wrong direction. The problem here is not that these uncrossed disparities were beyond the normal range of everyday experience. Thus, given that the interpupillary separations of our animals were 34-35 mm, then when converged at a distance of 33.3 cm (the viewing distance in the present experiments), our animals would experience uncrossed disparities ranging up to 5%6.0' under normal viewing conditions. Also, monocular blanking did not lead to any significant vergence responses at short latency (Fig. 5 ) , so that these "default" responses were not due simply to the emergence of an esophoria consequent to a prolonged loss of binocular fusion.
Cumming and Judge (1986) did not report such anomalous vergence responses in their study on monkeys, and Westheimer and Mitchell ( 1969) , who studied humans, stated that, "In many thousands of presentations we never saw a convergence response to a divergent disparity, or vice versa. ' ' In a study of 30 human subjects with normal fine stereopsis (stereoacuities better than 20 s arc) and no strabis-l Real Saccade 0 Simulated Saccade FIG. 12. Vergence responses elicited by crossed-disparity steps and their dependence on a prior saccade or simulated saccade: a comparison. The mean change-invergence measures obtained with both real and simulated saccades for a given animal were 1st expressed in terms of the mean measures obtained when the disparity steps were applied at the longest interval after a real saccade (303 ms) l these estimates of enhancement were then expressed as a percentage and averaged for the 3 animals. The resulting estimates of the mean enhancement after real ( l ) and simulated saccades ( 0) mus, Jones ( 1977) used briefly presented stimuli and found vergence anomalies in 20%, a few of whom showed small inappropriate (divergent) responses with crossed-disparities that were unrelated to any phoria. Significantly, all of these studies used small stimuli. We have recently applied the techniques of the present study to humans and again recorded default vergence responses with large-disparity steps, regardless of whether crossed or uncrossed, in all subjects (Busettini et al. 1994b) . We conclude that the default vergence responses to large-disparity steps are a normal feature of the rhesus monkey (and human) when large patterns are used. Interestingly, we have recently observed default responses that involved decreased convergence in a human subject and a monkey (unpublished observations). Recent neurophysiological experiments using large patterns offer a possible explanation for the default vergence responses. It has often been suggested that disparityvergence responses are mediated by so-called disparity-selective neurons, which have been recorded in a number of visual cortical areas (for recent reviews, see Bishop and Pettigrew 1986; Freeman and Ohzawa 1990; Poggio 1989 Poggio , 1990 ). In the negative-feedback configuration usually envisaged, increased convergence results from the activation of neurons responding selectively to crossed disparities (the so-called near and tuned-near neurons) and decreased convergence results from the activation of neurons responding selectively to uncrossed disparities (the so-called far and tuned-far neurons) (Poggio and Fischer 1977; Poggio et al. 1988) . In this scheme, our default convergence responses would have to have resulted from the net activation of near and/or tuned-near neurons by large-crossed and large-uncrossed disparities. Unfortunately, the combination of large patterns and large disparities has not been used to examine these neurons. However, it is known that when large dynamic random dot patterns are used, the activity of many disparity-selective neurons is modulated when the patterns at the two eyes change from correlated to uncorrelated, or vice versa (Gonzalez et al. 1993; Poggio 1989,199O; Poggio et al. 1988) . These experiments indicate that many neurons that are highly selective for disparity when discrete stimuli are used become less selective when large patterns are used and, as Gonzalez et al. ( 1993) have pointed out, in a normal textured environment "eye misalignment leads to a situation similar to retinal uncorrelation.' '
The above considerations lead us to suggest that the vergence responses to disparity steps in our study have two distinct components. One component operates always to reduce the vergence error and results from the selective activation of the subset of neurons whose binocular receptive fields match some local features of the stimulus patterns seen by the two eyes after the step: crossed steps (sensed by nearf tuned-near cells) lead to convergent responses, and uncrossed steps (sensed by far/tuned-far cells) lead to divergent responses. A second component produces the default responses and results from the nonselective activation of neurons by the change from correlated to uncorrelated; the outcome here presumably depends on the relative numbers and efficacy of the near/tuned-near and far/tuned-far cells that are activated by the change in correlation (because the default was convergent, the balance of activity presumably 'favored the near/tuned-near cell types). In this scheme, the "selective" mechanism prevails only at small disparities and the "nonselective" mechanism at large disparities. A factor in this transition might be the limited range of disparities over which neurons of the "tuned-type" are selectively sensitive to disparities, no more than a degree or two: as disparities exceed this range, more and more of these tuned cells might be expected to see the binocular patterns as uncorrelated so that the nonselective activation mechanism gradually prevails. Unfortunately, so little information is available about the "reciprocal-type" neurons that it is difficult to know what role they might play in all this.
Close scrutiny of Fig. 4 (especially the data from monkey St in Fig. 4C ) suggests to us that these selective and nonselective components are manifest also in the temporal profiles of the vergence responses to uncrossed-disparity steps. With small steps, there is an initial divergent acceleration (due to selective activation of far/tuned-far cells?), followed by a later convergent acceleration (due to nonselective activation of cells that are not tuned to the disparity under study but respond to the change in correlation, the net balance favoring the near/tuned near cells?). With larger steps, the initial divergent component diminishes and is gradually replaced by the convergent component, which both grows and commences earlier (as the tuned-far cells reach the limit of the range over which they respond selectively, and nonselective activation becomes more prevalent with a net balance still favoring the near/tuned near type?).
Automatic correction of small vergence errors?
The default (nonselective) vergence responses to large disparity steps do not make functional sense, and we suggest that they are a product of our artificial stimulus situation: whole visual scenes do not normally undergo sudden changes in disparity. On the other hand, the disparity-selective responses to small steps are consistent with the operation of a depth-tracking servomechanism that functions to correct residual (i.e., small) vergence errors rapidly and automatically using ' 'low-level' ' disparity information. This is quite different from the mechanisms subserving the initiation of (voluntary) shifts in binocular alignment to new depth planes, a process involving some kind of target selection and a depth-sensing mechanism that can deal with disparities up to >30" (Erkelens et al. 1989) . As already pointed out, the neuronal sensing of such large vergence errors is presently unclear because neurons of the tuned type respond selectively only to disparities up to 1 or 2', and neurons of the reciprocal type have not been studied with disparities exceeding -lo. The fact remains, however, that the responses to large steps in our experiments were nonselective and there was no evidence of a useful contribution from neurons of the reciprocal type. In fact, large and small disparity errors were processed quite differently in our experiments, and the vergence velocity profiles could be quite different (Fig. 3) . Clear differences in the vergence responses to small and large disparity errors have also been documented by , who examined human vergence responses to imposed (open-loop) disparities and reported that responses to small stimuli (~2") were sustained, whereas those to larger stimuli were transient.
In the present paper we are concerned only with the initiation of disparity vergence, and it is known from observations on humans that, whereas vergence eye movements can be initiated by images in the two eyes that differ markedly (in form, size, orientation, contrast, timing, and vertical location) , the achievement and maintenance of precise binocular alignment requires that the two images be quite similar, although not necessarily identical (Jones and Kerr 1972; Mitchell , 1970 Westheimer and Mitchell 1969) . These observations have led to the suggestion that there are independent mechanisms responsible for the initiation and maintenance of vergence. However, we suggest that it is equally likely that the critical defining characteristic in these experiments was the size of the vergence error rather than the behavioral context, initiation involving large disparities and maintenance small ones. The latency of the vergence responses to dissimilar targets in the above studies was not given so that it is quite possible that the responses resulted from considerable central processing and were not stimulus driven in the direct way that the short-latency responses in the present study must have been. Further, those studies Post-Simulated-Sac&e Delay (msec) were carried out with discrete images seen against dark or and greater at the longest interval (Fig. 12) . Some of these otherwise featureless backgrounds so that the disparity could differences might have resulted from the fact that the visual have been sensed reliably by neurons with binocular re-events during simulated saccades did not exactly match those ceptive fields that were spatially disparate but nonselective during real saccades. Clearly, this match would have been for spatial characteristics such as form, orientation, size, better if we had recorded the saccades (of both eyes) about contrast, and so forth. In our view, such neurons could not all three axes of motion for each trial and subsequently used unambiguously sense the disparity of large densely featured these to move the images in front of each eye. Even so, the binocular images such as those we have used and so could visual match would not have been exact because of the optinot mediate the selective component of our responses: this cal geometry: during simulated saccades, retinal image morequires neurons whose receptive fields are tuned to respond tion decrements as the tangent of the eccentricity because to particular spatial characteristics, and we think it very sig-the image was presented on a flat screen, but the form of nificant that in our experiments the system was able to do this only for disparities up to a few degrees.' the screen is irrelevant during real saccades when the retinal image motion (optic flow) traces paths resembling the lines of latitude on a globe with speeds being maximal at the Dependence on a prior saccade Initial vergence responses were clearly influenced by the occurrence of a prior saccade, but the nature of the effects depended on whether those responses emanated from crossed-or uncrossed-disparity steps.
The initial convergent accelerations elicited by crossed-disparity steps showed clear transient enhancement in the immediate wake of a saccade (Figs. 6 and 7). This enhancement was greatest with the shortest postsaccadic delay intervals, decreasing roughly exponentially as the delay interval increased, and was probably in part visual in origin because similar (although sometimes weaker) enhancements were seen after simulated saccades (Figs. 10 and 11) . The enhancements in the wake of real and simulated saccades differed mainly at the extreme delay intervals, the effects of a simulated saccade being on average less than those of a real saccade at the shorter intervals equator and zero-at the poles (cosine function). There is also the problem of the boundary of the screen, the image of which sweeps across the retina only with real saccades. Because of these numerous shortcomings, it is difficult to know how much weight to attach to the quantitative discrepancies between the effects of real and simulated movements in our experiments. In sum, it is possible that the postsaccadic enhancement of (crossed-) disparity vergence is due entirely to the visual reafference resulting from the saccade sweeping the image of the pattern across the retina, but because of technical shortcomings in our experiments, a contribution from nonvisual mechanism(s) cannot be excluded.
The postsaccadic enhancement of (crossed-) disparity vergence is strongly reminiscent of the postsaccadic enhancement of ocular following described by Kawano and Miles ( 1986) . However, there were clear quantitative differences in the magnitude and time course of the enhancement of vergence and ocular following after both real (Fig. 15) and simulated (Fig. 16) saccades. In addition, ocular follow- ' The patterns in our experiments did not fill the screen so that there were nonoverlapping regions to either side after the horizontal disparity ing showed latency shifts with the shortest delay intervals, steps. However, these regions were not critical because similar data were an effect not seen with (crossed-) disparity vergence. It obtained when the patterns filled the entire screen both before and after the could be that the difference in the dynamics of the stimuli, Vergence responses elicited by crossed-disparity (position) steps and the ocular following responses elicited by binocular-conjugate (velocity) steps: a comparison of their dependence on a prior saccade. The mean change-in-eye-position measures obtained from each of the 3 monkeys for ocular following when 8O"/s conjugate ramps were initiated at various times after a saccade were first expressed in terms of the mean measures obtained when these stimuli were applied at the longest postsaccadic interval (307 ms) ; these estimates of enhancement were then expressed as a percentage and averaged for the 3 animals. The resulting estimates of the mean enhancement (ordinate) of ocular following in the wake of real sac&es are plotted (0) against the postsaccadic delay (abscissa). These estimates of the average enhancement of ocular following are exactly equivalent to the estimates of the average postsaccadic enhancement of (crossed-) disparity vergence plotted in Fig.   13 , and the latter are replotted here ( l ) to permit a direct comparison. The asterisk flags ocular following measures compromised by changes in latency. Error bats, +SE. velocity steps) is responsible for some of these apparent differences in the enhancement, leaving open the possibility that the effects of a prior saccade on vergence and ocular following, both visual and nonvisual, have an etiology more similar than might appear from our data. In the earlier studies on ocular following, the enhancement in the wake of a simulated saccade was shown to be spatially localized (when stimuli were limited to restricted regions of the visual field, enhancement was seen omy when the saccadelike shifts and the subsequent test ramps were coextensive) and did not show interocular transfer (when stimuli were restricted to one or the other eye, enhancement was seen only when the conditioning shifts and the subsequent test ramps were seen by the same eye), leading to the suggestion that the enhancement was occurring in the retina . Such tests have yet to be tried with the vergence responses of the present study, a problem with the interocular transfer test being that disparity detection is a binocular process, i.e., it depends on inputs from both retinas. Kawano and Miles ( 1986) have discussed the possible neural mediation of the postsaccadic enhancement of ocular following, both visual and nonvisual, and much of what they said could be relevant to the postsaccadic enhancement of vergence.
Several studies have reported transient boosts in vergence velocity during saccades when fixation is transferred between targets that differ in viewing distance and eccentricity (Enright 1984; Erkelens et al. 1989; Kenyon et al. 1980; Maxwell and King 1992; Ono and Nakamizo 1978; Ono et al. 1978; Zee et al. 1992) . Could the present postsaccadic enhancement of vergence be a remnant of this intrasaccadic boost? We think this unlikely because careful examination of the vergence velocity traces in the above-cited studies indicates that the -boost in vergence velocity is confined to the period of the saccade. In fact, these boosts have been attributed to the gating of activity in the vergence motor pathway by the so-called omnidirectional pause neurons, which are thought to gate activity in the saccadic system and play a critical role in determining the duration of the saccade (Zee et al. 1992) .
From the functional standpoint, postsaccadic enhancement of (crossed-) disparity vergence might help to speed the realignment of the two eyes when gaze is redirected to (large?) objects that are closer to the observer. By raising the gain only transiently in the immediate wake of a saccade (the time when the establishment of binocular alignment on a new depth plane is often under way), the system avoids the potentially destabilizing effects of a permanently high gain. It is tempting to assume that such timely intervention may not be fortuitous.
The effects of a prior saccade on the vergence responses to uncrossed-disparity steps were weak, variable, and complex. Initial vergence responses were in the correct (divergent) direction only when the delay intervals were very short (Figs. 8 and 9) ) and the convergent responses obtained with longer delays varied considerably from one animal to another. We have no explanation for the individual variability. The transition from divergent veloci-o Ocular Following ;0 160 l;o 260 240 3bo
Post-Simulated-Saccade Delay (msec) FIG. 16. Vergence responses elicited by crossed-disparity (position) steps and the ocular following responses elicited by binocular-conjugate (velocity) steps: a comparison of their dependence on a prior simulated saccade. The mean change-in eye position measures obtained from each of the 3 monkeys for ocular following when 80'1s conjugate ramps were initiated at various times after a simulated saccade were 1st expressed in terms of the mean measures obtained when these stimuli were applied at the longest post-real-saccade interval (307 ms); these estimates of enhancement were then expressed as a percentage and averaged for the 3 animals. The resulting estimates of the mean enhancement (ordinate) of ocular following in the wake of simulated saccades are here plotted ( 0) against the post-simulated saccade delay (abscissa). These estimates of the average enhancement of ocular following are exactly equivalent to the estimates of the average post-simulated-saccade enhancement of (crossed-) disparity vergence plotted in Fig. 13 , and the latter are replotted here (0) to permit a direct comparison. Asterisk flags ocular following measures compromised by changes in latency. Error bars, +SE.
ties to convergent with increases in the postsaccadic delay bears some resemblance to the response transition associated with increases in the amplitude of uncrossed-disparity steps (compare the vergence velocity profiles in Figs. 4 and 8 , and the change-in-vergence plots in Figs. 5, left side, and 9), and we suggest that they may have a similar etiology, i.e., a shift in the response weighting from a selective component to a nonselective component. The effects of a prior saccade here could be explained by a transient enhancement process much like that associated with the responses to crossed-disparity steps except mostly restricted to the selective component: as the postsaccadic delay interval increases, the selective (divergent) component would be expected to decrement, gradually uncovering the nonselective (convergent) component and hence giving rise to the response reversal. The data of monkey St are nicely consistent with this scenario (see Fig. 8C ). However, there is also a gradual decrement in the convergent (nonselective) component at the longer postsaccadic delays in monkey Re (Fig. 8A) , suggesting that in this case the nonselective component is also subject to transient enhancement but decrements (with postsaccadic delay) more gradually than the selective component. Interestingly, the nonselective responses of monkey Re were somewhat greater than those of monkey St (see the default levels in Fig. 5) ) perhaps accounting for some of the differences in their postsaccadic enhancement with uncrossed steps. (The effects of a prior saccade on the responses of the 3rd monkey, Ro, to uncrossed steps were too weak to make subtle distinctions between hypothetical selective and nonselective components.)
This discussion indicates that the effects of a prior saccade on the responses to uncrossed-disparity steps, like those to crossed steps, might be due to transient postsaccadic enhancement. Of course, it is possible that the postsaccadic enhancement associated with the responses to crossed-disparity steps also differentiates between the two components of the response but is less evident because both components are in the same direction, whereas with uncrossed steps they are in opposite directions.
The transition from divergent velocities to convergent was also evident in the wake of simulated saccades (Figs. 13  and 14) ) although close scrutiny reveals that the details were slightly different, especially in monkey Re (compare Fig. 8 with Fig. 13 and Fig. 9 with Fig. 14) . In our view the similarities in the effects of real and simulated saccades outweigh the differences and suggest to us that the effects of a prior saccade here were due in large part to the associated visual reafference.
Eye movements as a probe for the neural processing of binocular images
The short-latency, machinelike quality, and restricted range of operation are in accord with a system concerned more with the rapid automatic correction of residual vergence errors than with shifting binocular alignment to new (remote) depth planes. We concede that our use of large patterns is crude in the extreme and raises serious questions about the relevance of our responses to the normal functioning of the system. Nonetheless, our approach has demonstrated robust linkages between the visual and oculomotor systems that almost certainly involve the cerebral cortex, and it may prove useful for probing some of the complex visual processes that are important for the maintenance of appropriate binocular alignment. Our study has in common with others that it uses stimuli with an abrupt onset and concentrates on the very earliest eye movements that occur HAYS, A. V., RICHMOND, B. J., AND OPTICAN, L. M. A UNIX-based multiple in the brief time interval before the visual feedback loop process system for real-time data acquisition and control. W ESCON Co@ closes (see, for example, Carl and Gellman 1987; Miles et Proc. 2: l-10, 1982 Tychsen and Lisberger 1986) . As in those studies, HERING, E. The Theory of Binocular Vision. New York: Plenum, 1868 Plenum, (translation, 1977 our purpose was to elucidate the visual processes underlying the initiation of the eye movements. Some have argued that such approaches are seriously compromised by nonvisual factors such as attention, cognitive expectations, habit, subjective idiosyncracies, and so forth ( Kowler 1990; Steinman 1986 ). That such nonvisual factors are critically important in everyday life is clear. However, the general machinelike nature of the present vergence responses in terms of latency and magnitude, and the quantitative similarities between different animals when the dependency on specific stimulus parameters is examined, encourage the view that these eye movements reflect fundamental properties of the underlying sensory processing.
